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ABSTRACT
A new type of neutron and gamma-ray spectrometer called the Miniature Neutron Spectrometer (Mini-NS) has been
developed, assembled, qualified and delivered as part of the Lunar Polar Hydrogen Mapper (LunaH-Map) cubesat
mission. The LunaH-Map spacecraft is currently manifested as a secondary payload on the Space Launch System
(SLS) Artemis-1 rocket. LunaH-Map will deploy from Artemis-1 and enter a low altitude perilune elliptical orbit
around the Moon. The Mini-NS will measure the lunar epithermal neutron albedo, and measurements around perilune
will be used to produce maps of hydrogen enrichments and depletions across the lunar South Pole region including
both within and outside of permanently shadowed regions (PSRs). The Min-NS was designed to achieve twice the
epithermal neutron count rate of the Lunar Prospector Neutron Spectrometer (LP-NS). The instrument response was
characterized through the collection of pre-flight neutron counting data with a Cf-252 neutron source at Arizona State
University across hundreds of power cycles, as well as across the expected temperature range. The instrument spatial
response was characterized at the Los Alamos National Laboratories (LANL) Neutron Free In-Air Facility. The
LunaH-Map Mini-NS was designed to fit within the cubesat form-factor and uses two detectors with eight sensor
heads that can be operated independently. For future missions with different science goals that can be achieved with
epithermal neutron detection, the number of Mini-NS sensor heads can easily be modified without requiring a
complete re-design and re-qualification.
INTRODUCTION

in the epithermal neutron count rate from very low

Nuclear techniques have been used successfully in many
previous planetary missions as a remote sensing method
from orbit to investigate the water (or hydrogen, H)
content in the shallow subsurface and to determine the
surface composition of planetary bodies. To understand
the presence of water within permanently shadowed
regions (PSRs), the Lunar Polar Hydrogen Mapper
(LunaH-Map) mission has been designed to provide a
high-resolution spatial distribution of the H content over
the southern pole from a highly elliptical, low perilune
orbit (10 - 15 km altitude). The primary instrument on
the LunaH-Map mission is the Miniature Neutron
Spectrometer (Mini-NS), which consists of eight, 2 cm
thick x 6.3 cm x 4 cm slabs of Cs2YLiCl6:Ce (CLYC).
The Mini-NS provides a sensitivity similar to 10 atm, 5.7
cm diameter He-3 tubes, as were used in the Lunar
Prospector Neutron Spectrometer (LPNS). The Mini-NS
has a total active area of 200 cm2 and is covered with a
Gd sheet to ensure measurement of epithermal neutrons
(0.025 – 105 eV). The Mini-NS uses pulse shape
discrimination (PSD) techniques implemented in a field
programmable gate array (FPGA). Mini-NS was
designed as two independent 100 cm2 detector arrays,
each fitting within a 1.5U module and integrated into the
LunaH-Map spacecraft which will be launched on the
Artemis-I mission of NASA's Space Launch System
(SLS) rocket (Hardgrove et al., 2020).

Figure 1: Left LunaH-Map neutron spectrometer
(2U). Right The LunaH-Map spacecraft, with solar
arrays and antennas (10 cm each) deployed. Mini-NS
occupies ~200 square-cm area on the front face of the
spacecraft.
perilune altitudes (10 - 15 km), the Mini-NS will produce
maps of lunar south pole hydrogen enrichments at spatial
scales smaller than known permanently shadowed
regions (PSRs) (Hardgrove et al., 2020). A careful
calibration of the Mini-NS energy-angle response is
necessary to properly interpret data acquired at any
altitude, regardless of topography, throughout the
LunaH-Map mission. The goal of this work is to report
on the functional performance and angular response of
the Mini-NS instrument.
SCIENCE

The Mini-NS is the primary instrument payload on
LunaH-Map. Each Mini-NS detector uses four elpasolite
scintillators, Cs2YLiCl6:Ce (CLYC), coupled to
photomultiplier tubes (PMTs). CLYC is enriched to 95%
of Li-6, where the 6Li(n,α)t reaction with a Q Value =
4.8 MeV is employed to stop neutrons and generate a
large light pulse with a distinguishable transient pulse
shape compared to gamma ray interactions (Johnson et
al., 2015; Glodo et al., 2012). By detecting suppression
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LunaH-Map is a NASA Science Mission Directorate
(SMD) mission selected by the Small Innovative
Missions for PLanetary Exploration (SIMPLEx)
program in late 2015 and is currently co-manifested on
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the Space Launch System (SLS) Artemis-1 mission. The
LunaH-Map spacecraft will orbit the Moon and produce
high spatial resolution maps of bulk hydrogen
abundances within the top meter of lunar south polar
regolith (Hardgrove et al., 2020). These maps will
constrain the bulk abundance of lunar polar volatiles
through the lunar south pole. Improved understanding of
the spatial distribution of hydrogen enrichments will
inform models of the emplacement and preservation
history of lunar polar volatiles. Thick ice deposits
(delivered by water rich asteroids or comets) may be
pervasive at high southern latitudes (Rubanenko et al.,
2019). Impact gardening could vertically redistribute the
ice, bringing it closer to the surface (Prettyman et al.,
2019). The higher spatial resolution measurements
provided by LunaH-Map could test this hypothesis by
determining whether the observed distributions of
hydrogen consistent with those predicted by ice stability
modeling. These landing-site scale (10-20 km2) maps of
bulk hydrogen enrichments will also be used to identify
key sites for future landed exploration of the lunar south
pole.

Figure 2: Left PSR map with LunaH-Map groundtrack (light blue) through Shoemaker PSR. Top Right
Contribution of PSRs to neutron signal along the
ground-track. Bottom Right Altitude along the ground
track binned every 1-second. The shape model used in
the simulation was derived from the LOLA
topographic data set.
repeated passes is required by the uncollimated neutron
spectrometer. After the spacecraft enters the science
orbit (~15 km perilune, 3150 km apolune eccentric orbit
with a ~4.7 hour period), the Mini-NS will collect data
from 70S poleward for each of >280 orbits (2 months).
The epithermal neutron count rates will be used to
produce maps of hydrogen (e.g. water-ice) enrichments
throughout the lunar south pole, including within
permanently shadowed regions (PSRs). PSR target
areas, as well as an example ground track over
Shoemaker (with altitude and PSR contribution to the
observed signal) are shown in Fig. 2. In this work, we
provide a preliminary assessment of the mapping
capabilities of the LunaH-Map Mini-NS for variable
hydrogen enrichments within permanently shadowed
regions of the south pole.

Figure 3: PSR map showing test ice enrichments used
in the preliminary analysis of the LunaH-Map science
mapping capabilities shown in Figure 4. PSR regions
are drawn using the LOLA shape model and NAC data
(Mazarico et al., 2011; Cisceros et al., 2017). Ice
enrichments are approximate based on a combination of
Lunar Prospector and Lunar Reconnaissance Orbiter
water-equivalent-hydrogen maps (Elphic et al., 2007;
Sanin et al., 2017). C: Cabeus; H: Haworth; Sh:
Shoemaker; F: Faustini; dG: de Gerlache; Sv: Sverdrup;
A: Amundsen; S: Shackleton; P: all other PSRs; B:
LunaH-Map is a 6U (14 kg) spacecraft that will deploy
from Artemis-1 and use a small low-thrust propulsion
system to maneuver into a highly eccentric orbit around
the Moon where a miniature neutron spectrometer (MiniNS) will measure the epithermal neutron flux from the
lunar South Pole (Fig. 1). To produce high spatialresolution maps, a low-altitude perilune (<25 km) with
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Figure 4: (left) Map produced by Lunar Prospector of H abundance at the lunar South Pole [11] and (right) predicted
LunaH-Map epithermal neutron count rate map using the PSR ice enrichments shown in Figure 3. LunaH-Map
predicted map assumes Poisson noise and the full 56-day science mission (280 orbits). Hydrogen in large PSRs can
be quantified in 30 days (150 orbits).
determine if LunaH-Map is sensitive to the distribution
of H that is consistent with expected permafrost depths,
and evaluate if LunaH-Map will be able to identify
possible anomalies resulting from impact processes.

Predictive Neutron Mapping
We present preliminary results of end-to-end simulations
of LunaH-Map data and map products given prospective
orbits and subsurface ice configurations representing
different hypotheses for emplacement, redistribution,
and removal of H-bearing species. The modeling
approach is similar to that used for Dawn (e.g. Prettyman
et al., 2016, 2019). We use a polygonal shape model of
the Moon, the current LunaH-Map SPK file describing
the science orbit, and time variable sampling of 1 second
poleward of 70S to produce maps of neutron counts
following the methods described in Prettyman et al.,
2016. Potential ice (water-equivalent-hydrogen)
abundances within PSRs used in modeling of LunaHMap predictive mapping were derived from Lunar
Prospector (LP) data, while PSRs are drawn using LOLA
shape models (Elphic et al., 2007; Sanin et al., 2017;
Mazarico et al., 2011). PSRs and test ice abundances are
shown in Fig. 3.

DESIGN OF A NEW CUBESAT-SIZED NEUTRON
SPECTROMETER
Scintillator
New inorganic, ultrabright, elpasolite scintillator
materials, such
as
CS2YLICL6:CE (CLYC),
Tl2LiYCl6:Ce (TLYC), and Cs2LiLa(Cl,Br)6:Ce
(CLLBC) are capable of detecting and discriminating
both neutrons and gamma-rays based on differences in
the shape of the scintillator light pulse. The Mini-NS
instrument uses CLYC, which can achieve a gamma-ray
energy resolution of approximately 4% full-width-athalf-maximum at 662 keV. The instrument consists of
eight, 2-cm thick x 4 cm x 6.3 cm rectangular CLYC
crystals, coupled to Hamamatsu PMTs; the individual
crystals coupled to PMTs are termed ‘modules’. The
combined eight modules provide a sensitivity similar to
the 10 atm, 5.7 cm diameter He-3 tubes which were used
for LPNS (Feldman 2004). A comparison of the neutron
energy intrinsic efficiency for CLYC vs. He-3 is shown
in Fig. 5.

Mapping Hydrogen Enrichments with the Mini-NS
Our preliminary results (Fig. 4 right) show that LunaHMap can detect and resolve ice cold-trapped within
PSRs. Future work will explore the sensitivity of LunaHMap to subsurface ice in permafrost regions outside the
PSRs. If higher abundances of H than those modeled are
present, LunaH-Map will be able to identify those
regions. Low altitude measurements from LunaH-Map
will enable high spatial resolution mapping of PSRs and
the surrounding permafrost. LunaH-Map data will also
provide verification of results of previous missions
(LP/LEND). For future modeling and testing, we will
[First Author Last Name]
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number of thermal neutrons interacting with the
scintillators and restricting Mini-NS sensitivity to
epithermal neutrons with E > 0.4 eV. Fig. 7 shows a
dimensional schematic of the Mini-NS. The instrument
is mounted as a module integral to the mechanical
structure of the LunaH-Map cubesat.
Detector
The Mini-NS consists of two identical detector units (4
CLYC modules each) and each is equipped with a
primary 32 GB SD card and a redundant 32 GB SD card;
a set of four CLYC crystals coupled to PMTs and readout
using one analog to digital converter is defined as one
\textit{detector}, Figure 6B shows these as CLYC D00
and CLYC D01. A detector consists of the HV supply,
amplifier, thermal sensors, relays, readout electronics.
The two detectors are labeled as CLYC-0 and CLYC-1;
having two nearly identical detectors minimizes risk, if
one were to fail the other can still acquire a useful data
set. This configuration supports a possible neutron
spectrometer design where one detector may be covered
in gadolinium to reject neutrons below 0.4 eV and the
other without to accept all neutrons for spectroscopy. As
the LunaH-Map mission would have less than 200 orbits
to map the southern lunar pole, both detectors were
covered in gadolinium to enhance the epithermal signal.
The instrument is therefore sensitive primarily to the flux
of epithermal neutrons (0.4 – 105 eV), which varies with
H content. The instrument specifications are listed in
Table 1 below.

Figure 5: Intrinsic efficiency of CLYC compared to the
Lunar Prospector Neutron Spectrometer (LPNS). The
simulations show the number of 6Li(n,a)3H reactions as
a function of neutron energy within a CLYC volume
compared to the number of 3He(n,p)3H reactions in the
LPNS (priv. comm. T. Prettyman).
The Mini-NS uses pulse shape discrimination (PSD) to
detect neutrons and gamma rays based on differences in
the shape of the scintillator light-pulse. Typical pulse
shapes for a neutron and a gamma ray are shown in Fig.
6. Scintillation is based on core-to-valence luminescence
(CVL), a mechanism that is selectively quenched
(radiationless de‑excitation process whereby energy is
typically converted to thermal energy) by high linear
energy transfer particles. The 6Li(n,α)t reaction products
completely quench the CVL mechanism, resulting in a
change to the time profile of the de-excitation process
during neutron excitation of the crystal; this time change
is measurably distinguishable from gamma rays (Ferrulli
et al., 2021).

Figure 7: Mini-NS instrument system diagram A) A
CLYC module with PMT. B) The Mini-NS detector
system with outer mechanics removed showing the eight
CLYC modules and inner analog readout electronics. C)
The full structure of the Mini-NS instrument with
housing and digital electronics board. The near-side
panel is drawn as transparent to see into the instrument
(Hardgrove et al., 2020). The coordinate system shown
represents both the Mini-NS instrument coordinates and
the spacecraft coordinates

Figure 7: Typical CLYC output pulse shapes for a
neutron (red) and a gamma ray (black). Note that the
neutron pulse is slightly shorter and has less-immediate
decay curve such that the two signals can be
distinguished based on pulse shape discrimination
(PSD).

As the focus of LunaH-Map is on the detection of
neutrons, the detector modules are designed to optimize
neutron sensitivity within a compact instrument housing
(~2500 cm3). The projected area along the +SZ/+MY-

Shielding
A Gd shield (0.5 mm thickness) covers the majority of
the CLYC sensor head to significantly reduce the
[First Author Last Name]
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axis (Figure 6) is 25 cm2 for each module, providing an
effective area of 100 cm2 per detector, 200 cm2 in total.
The total mass of the instrument is 3.2 kg, and the power
consumption for the entire Mini-NS is 15.2 W when
acquiring data. Detector specifications for the Mini-NS
are shown in Table 1.

deposition. Event-by-event data is partially processed
onboard the instrument, resulting in 2D histogram data.
Each detector system is completely separated from the
other; there is no file sharing between CLYC D00 and
CLYC D01 and any files generated by one detector
system will not be recorded by the other detector system.
Each detector system will continuously back up all the
files it creates to the onboard SD card during operation.
The Mini-NS creates system files and data files during
normal operations with the option of acquiring
diagnostic waveform files. When a data acquisition run
is started, the system uses the detector ID number (D00
or D01) and an internal run number to create folders with
a unique names to contain files created during specific
DAQ runs.

Table 1: Mini-NS Specifications
Mini-NS Specifications
Instrument dimensions

25 cm x 10 cm x 8 cm (2
detectors)

Module dimensions

4.0 cm x 6.3 cm x 2 cm

Detector configuration

2x2 Array of CLYC modules

Mass

3.4 kg (2 detectors)

Power

3.6 W (standby), 9.6 W
(nominal) for 2 detectors

Sensitivities

Epithermal neutrons (E>0.3
eV) using a 0.5 mm thick Gd
shield

Data Acquisition Times

Neutrons binned every 1
second

To inform the spacecraft that the Mini-NS is powered on
and active, State of Health (SOH) data is generated on
the FPGA roughly once per second as a CCSDS packet
and sent to the RS422. SOH data packets contain
temperature information, the most current neutron count
calculation, and the local Mini-NS time. The Mode Byte
in payload SOH packets informs the flight computer
what mode (also referred to as states) the detector is
currently in.

Ce2YLiCl6:Ce (CLYC) Specifications
Density

3 g/cm3

Melting Point

640o C

Scintillation Light Yield

20,000 ph/MeV

Energy Resolution

4% at 662 keV gamma

Digital Signal Processing
The data acquisition system (DAQ) uses a Xilinx Zynq
XQ7Z020 field-programmable gate array (FPGA) to
digitize waveforms from the scintillators. The signals
from the PMTs are summed to a single analog to digital
converter (ADC) operated at 250 mega-samples per
second (MSPS). There are two signals from each
detector module. The primary signal is a summed signal
for all of the modules, which is routed through a buffer
amplifier and a fast ADC. The ADC produces a signal
that will be processed for determining if the event was
from a neutron. The other signal is a logic pulse
generated from an analog circuit that is triggered when
there is a large signal from any of the modules, this is
done via the voltage drop from the last dynode stage on
the PMT. This logic pulse identifies which PMT
generated the digitized waveform, allowing for data
collection on a module by module basis. A basic block
diagram of the data acquisition system is shown in Fig.
8.

Figure 8: Mini-NS DAQ flow block diagram - Data
acquisition system flow block diagram for a Mini-NS
detector. Four PMTs signals are summed as a primary
signal into a buffer amplifier. The primary signal is sent
to a fast ADC, then to the FPGA for processing.
Secondary signals from the individual PMTs are tagged
as a logic pulse for the PMT ID. The FPGA is a Xilinx
Zynq XQ7Z020 with a Cortex Arm-9 Processor which
includes onboard SD card storage (~30 GB of free
space). Data is stored for each orbit before being
downlinked to Earth. Flash devices contain the software
for the processor and bitstream for the FPGA, these are
connected to the command and data-handling C&DH of
the spacecraft bus along with the main RS422 connection
for data transfer.

The algorithm programmed in the FPGA generates four
integrals: a baseline integral, a short integral, a long
integral, and the full integral; each of the last three
integrals are corrected using the baseline integral. The
short and long integrals are used to determine a PSD
value and the full integral is used to generate the energy
[First Author Last Name]

The Xilinx's electrically erasable programmable readonly memory (EEPROM) can be flashed with non-flight
firmware specific for calibration and thermal testing of
the Mini-NS instrument at Los Alamos National
Laboratory's (LANL) Neutron Free-in-Air Facility
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(NFIA). This firmware allows for event-by-event and
module-by-module data to be read out via RS422 cable
directly to a laptop computer from the Mini-NS without
having to communicate with the LunaH-Map spacecraft
(baud rate of 921600 bits/sec for calibration). All
calibration and test data exported from the Mini-NS are
in binary format and include temperature, calibration,
pulse integral (long, short, baseline), power input,
computed PSD, module ID, and timing data. This nonflight firmware differs subtly from the flight version in
that packets sent in to the Mini-NS system are done using
basic .ttl file macros such that instructions are sent
directly to the Mini-NS. The calibration software
generates up to 20 data files, including a copy of the
original binary file. These files also consist of a log file
and individual energy ascii, PSD ascii, and
Energy/PSD/counts plot files associated with each
CLYC module on board the Mini-NS. The log file
reports on all commands used in a typical measurement,
as well as analog board temperature data, integration
time, trigger threshold data, and integral cut data (e.g.
baseline, short, long, full).

Note that IF is the uncalibrated energy of the incident
particle. When the energy of the pulse and the PSD ratio
have been calculated, a calibration on the energy may be
performed. The equation for this is estimated as a simple
linear relation,
𝐸𝐸 = 𝑦𝑦0 + 𝜁𝜁 ∙ 𝐼𝐼𝐹𝐹

Where E is the newly calibrated energy, 𝑦𝑦0 is the energy
calibration intercept, and 𝜁𝜁 is the energy calibration
slope. Event-by-event data consists of all events
registered in the Mini-NS and reports on the detector
number (D00 or D01), module number (CH00-03), PSD
value, energy value, time, and event number. There is no
cut to this data, whereas the histogram data contains
specific polygon cuts to the PSD and energy values,
which can allow for smaller data transfers, rather than
event-by-event data.
A series of neutron cuts can be applied to each event to
determine if the event resides within the cut window
region. The data cuts aim to isolate the neutron count
signal from gamma rays and other particles that interact
in CLYC. Cutting the data to focus on the neutron signal
allows for reduction in the data size, allowing easier
transfer back to Earth. The window cut regions are user
defined and may be changed (the cut window range is
defined using parameters in the configuration file), and
additional neutron count totals are determined using an
energy cut window. An additional cut on the neutrons
with wider (larger region of interest) parameters is also
made. The user may define this second, wider window
over any region of interest. Another count total is made
where events above 10 MeV are aggregated. For overall
data collection, the neutron counts are aggregated, and
the data is sorted for filling the 2D histograms.

Data Processing
Data processing is done following a binary conversion
process. Here we describe an analysis of both the eventby-event and the 2D histogram data products for the
Mini-NS. Note that much of the data processing can be
performed onboard Mini-NS via the FPGA, we describe
this process in the telemetry data. Ground data
processing has been written in Matlab, Origin, and
Python languages for ease of use, in this chapter we
describe the use of Python 2.7.
On-board the Mini-NS, the PSD and energy values are
calculated for each event and recorded to the SD card.
Mini-NS uses PSD to identify neutrons and gamma rays
based on differences in the shape of the scintillator lightpulse. The data is baseline corrected during flight;
baseline correction uses a baseline integral to get an
average of the baseline to be subtracted from the other
integrals.

INSTRUMENT CHARACTERIZATION
Calibration measurements using the Mini-NS flight
model were completed at LANL TA-36, Building 214,
in the NFIA facility. NFIA is a large room consisting of
a tall, loss-mass platform which is ~3.5 meters in height.
The source and instrument, along with all stands, are
place on top of the platform; the source location is
automated via a tube/track system such that work can be
done on the apparatus while the source is shielded and
closed off below the platform. The source is ~1 m away
from the back wall (Y-direction normal to the wall) and
~2 m away from closest the side wall, while the
instrument is located at distances from the Y-direction of
the source. The facility houses both a 252Cf source as well
as an AmBe source; more details of the sources can be
found in RI Scherpelz et al., 2008.

The waveform of the output pulse from the detector is
segmented into short (IS), long (IL), full (IF), and baseline
integrals (the baseline signal prior to a pulse). IS, IL, and
IF are average baseline integral (Bavg) adjusted (the
integral divided by the number of samples in the baseline
integral), and then used to determine a pulse shape
discrimination ratio. Equation (1) describes the
calculation of the PSD value used to analyze the MiniNS data sets:
𝑃𝑃𝑃𝑃𝑃𝑃 =

𝐼𝐼𝑠𝑠

𝐼𝐼𝐿𝐿 −𝐼𝐼𝑠𝑠

[First Author Last Name]
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The angular response of the Mini-NS instrument was
determined using similar methods outlined for the
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GRaND (Prettyman et al., 2012) and MESSENGER
(Goldsten et al., 2007) instruments, both of which were
calibrated at NFIA. The Mini-NS instrument was
mounted on a rotating stage (0 - 360o) to enable control
of the geometry with respect to the source.

correct voltage applied per detector module in order to
allow for multiplication of light from the CLYC crystals
and therefore pulse signal outputs; 2) The pulse shape
(waveform) of the output signal must have a baseline
average that reads in an appropriate range such that the
pulse shape of neutrons and gamma rays are
distinguishable; 3) The gain of the individual modules
are matched to within 1% MeV energy channel such that
the count rate is consistent across all detector modules.
These requirements were met during pre-test of the MiniNS at the LANL NFIA room facility, the results are
shown as PSD vs. energy vs. count rate plots in Figure
10 for detector 00, modules CH00 - 03.

For each set of measurements, the detector was placed a
predetermined distance from the face of the source
(Mini-NS nominally at 200 cm) at a predetermined
angle, and counts were recorded for a predetermined
period of time (Mini-NS nominally for 15 minutes to
allow for a minimum of 10,000 counts in the neutron
peak). The detector was rotated in place and the next
measurement was made for the new relevant angle. This
process was repeated for a range of angles from 0 to
+180o; the original detailed measurement plan is
included in Appendix F. After completing angular
sweeps for bare and moderated 252Cf across the Zrotational axis, the Mini-NS instrument was removed
from the rotating stage and reinstalled at a 90o angle from
its previous orientation. The calibration was repeated
with rotation along this axis (X-rotational axis). Figure
9 defines the different axes of the Mini-NS instrument
with respect to the spacecraft.

Figure 10: PSD vs. energy vs. count rate for the MiniNS detector D00, modules CH00-03. Gammas rays
typically have broad PSD values from ~50 - 80 and
energies spanning 0 - 4000 keV in this figure. Neutrons
typicaly have PSD values centered at ~90, with energy
centered at 2.3 MeV. The intensity of the plot represents
an increase in the count rate. This measurement was for
0o on Z-axis rotation with 2''-thick poly moderation on
252
Cf at a distance of 200 cm.

Figure 9: A) Diagram of the Mini-NS module (CHX)
and detector (D0X) locations oriented to spacecraft (SX,
SY, SZ) and Mini-NS instrument (MX, MY, MZ) axes
(not to scale). For Z-axis rotations (labeled as Z-rot),
measurements are taken as the instrument rotates
clockwise about the MZ-/SX- axis according to this
diagram. For X-axis rotations (labeled as X-rot), the
instrument is remounted 90o, then measurements are
taken as the detector rotates into the -ZM-axis and about
the -MX-axis. B) Photograph of the back of the Mini-NS
mounted on the test stand in Z-rotation mounting
position. C) Photograph of the front of the Mini-NS
mounted on the test stand in Z-rotation mounting
position. The direction MY+/SZ+ will be pointed
towards the lunar surface during the science phase.

SPATIAL RESPONSE
The efficiency-area product (εA) is defined as the
product of the intrinsic efficiency (ε) and the area of the
sensor projected in the direction of the incident particle.
The intrinsic efficiency is the fraction of particles
crossing through the projected surface of the bounding
sphere for which an event is registered by the counting
system; if a detector is planar or is shielded by
surrounding materials, then the response may vary with
direction (Prettyman et al., 2019). The efficiency-area
product depends on particle energy and the direction of
incidence in the frame of the instrument. We formulate
the following equation for use with the Mini-NS:
𝐶𝐶(𝑟𝑟) = 𝜖𝜖𝜖𝜖(𝐸𝐸, 𝜃𝜃, 𝜔𝜔)𝜙𝜙(𝑟𝑟⃗, 𝐸𝐸)

FUNCTIONAL PERFORMANCE
There are some basic functions required of the Mini-NS
instrument for operation: 1) The PMTs must have the
[First Author Last Name]
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The efficiency-area product is important when
considering the low altitude orbits of LunaH-Map. The
surface leakage current varies in proportion to the solid
angle (𝜙𝜙) subtended by the surface at 𝑟𝑟⃗. Topographic
effects of the lunar surface may be imparted on the data
such that a well-known efficiency-area product is
important for correcting the neutron count rate with the
spacecraft orbital altitude and surface solid angle.
Typically, for orbital altitudes less than a body radius,
the spatial resolution is approximately 1.5 x full-widthat-half-maximum arc length along the surface
(Prettyman et al., 2019a).
To determine the spatial response of the Mini-NS
instrument, we looked at individual detector modules,
their individual angular responses (counts vs. angle), and
their location on the instrument with regard to the source.
The 2''-thick poly moderated 252Cf at the 2 m distance
was used in Figs. 11 and 12 which show the initial
responses of detector 00, modules CH00-03 for X and Z
rotational directions, respectively.

Figure 12: Count rate (neutrons/second) vs. incident
angle (degrees) plots for detector 00, modules CH00-03
with angle rotating about the Z-axis using 2''-thick poly
moderated 252Cf at a 1 m distance from the source.
Subplots are labeled in the upper left corner according to
which detector and module is plotted. The dotted line on
each plot represents the spatial response function for that
specific detector module. Note that modules CH00 and
CH01 appear to have a more flat and linear response as
a function of angle, whereas modules CH02 and CH03
have curved responses.
ANGULAR RESPONSE FUNCTION
The angular response function described in Goldsten et
al., 2007 for the MESSENGER neutron spectrometer
assumes the use of a function that is valid for a thin,
circular planar detector. Each Mini-NS detector module
consists of 2 cm x 4 cm x 6.3 cm CLYC crystals oriented
into an array-like configuration, thus the thin planar
angular response can not be used. Instead, we opted to
determine the angular response function experimentally.
The following assumptions for the behavior of the MiniNS have been made: 1) Off-axes detectors & rotation
cause a change in the value of R2 due to
forward/backward tilt towards/away from the source; 2)
The projected area of the detector changes as a function
of angle due to the significant thickness of the CLYC
crystals; 3) Contributions from the side wall cause an
asymmetric increase in the count rate; 4) The volume of
crystals at critical angles can cause shadowing onto
crystals further away from the source. Using the detector
dimensions and known geometric relationships,
correction factors based on the angle of the detector with
respect to the Moon can be derived for the off-axis

Figure 11: Count rate (neutrons/second) vs. incident
angle (degrees) plots for detector 00, modules CH00-03
with angle rotating about the X-axis using 2''-thick poly
moderated 252Cf at a 1 m distance from the source.
Subplots are labeled in the upper left corner according to
which detector and module is plotted. The dotted line on
each plot represents the spatial response function for that
specific detector module. Note that modules CH01 and
CH03 appear to have a more flat and linear response as
a function of angle, whereas modules CH00 and CH02
have curved responses.
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contribution, the change in projected area, and the effect
of self-shadowing.

assumptions involving the geometry of the instrument.
Improvements can be made to the instrument calibration
spatial response function for Mini-NS through the
addition of MCNP simulations. These calculations will
be used in-flight to determine the exact spatial footprint
of the Mini-NS across the surface of the Moon. The
functional performance of the Mini-NS has been
characterized and the instrument has been
environmentally qualified for flight and operations in
lunar orbit. Future versions of the Mini-NS can utilize
the digital signal and data processing elements with
various numbers of sensor head modules customized to
achieve the required neutron and/or gamma-ray
requirements of the mission. The recently selected
Lunar-VISE gamma-ray and neutron spectrometer
leverages the LunaH-Map Mini-NS design and will be
mounted to a lunar rover for characterization of the
thorium, iron and hydration of the Gruithuisen Domes on
the Moon.

As the Mini-NS instrument rotates, the edge closest to
the source begins to rotate into the incident source
direction causing an increase in projected area, this leads
to an increase in the observed count rate for edge
module(s). The increase in counts for an edge module is
assumed to be the most significant cause of the
``flattening'' effect seen in specific modules shown in
Figs. 11-12.
Fig. 13 shows the results of applying the angular
response function for a non-edge module about the Z
axis of rotation for both 1 meter and 2 meter
measurements for incident angles from 0 - 75o. The
figure shows the data normalized to the count rate at 0o
incidence. The spatial response function of the Mini-NS
instrument is more complex than that of a simple planar
detector due to its array configuration geometry and
thick CLYC crystals. We conclude that the spatial
response can be estimated from experimental calibration
data based on assumptions involving the geometry of the
instrument. Improvements can be made to the instrument
calibration spatial response function for Mini-NS
through the addition of MCNP simulations.
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